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Introduction
The Society of Automotive Engineers is working to define communications standards for plug-in electric vehicles (PEV). In support of this effort, the J2931/1 committee tested potential technologies that could support vehicle communications. Communications for two primary purposes are being considered in this effort: (i) utility/customer communications for charge management; and (ii) off-board DC charging communications. The J2931/1 committee itemized the requirements for both forms of communications into a single test plan.  The communications technologies described in J2931 were verified to be capable of meeting the requirements described in "S288 EV Communication Requirements Document (RD)" [9] as related to the standards J2836 [2] [3] [4] , J2847 [5] [6], J2931 [7] , and J2953 [8] .
 The requirements and tests apply to the digital communications interface between the PEV and an external device to which it communicates. Such off-board devices may include one or more of an Electric Vehicle Support Equipment (EVSE), off-board DC charger, Home Area Network (HAN), Advanced Metering Infrastructure (AMI) meter, etc.
-To provide a safe electric charge -To interact with energy providers in a secure manner -To communicate information to the customer on the transaction  This tests described in this plan are applicable to wired communications mediums only, using the J1772 charge cable. Wireless means of PEV communications are not covered in this test plan.
Lab and Equipment Setup
General Setup
Communications testing was performed with UL-certified, UL2594 compliant, commercially available, and J1772 [1] compliant AC Level 2 EVSEs with a J1772 Cordset. The Device Under Test (DUT) is one of the communications systems being tested, consisting of two or more communicating nodes. The baseline setup is one DUT node connected to the J1772 connector, and the other DUT node terminated at an EVSE (Figure 1 ). The PEV receptacle was mounted in a breakout box with the mains and pilot conductors brought out to terminal strips. The PNNL Lab PEV receptacle included the capability to connect a representative commercial vehicle battery charger (A123/Hymotion L5) and used a commercial charging station (Coulomb Technologies CT2100) EVSE. When the battery charger was not connected, circuitry necessary to emulate the vehicle on-board interface was integrated into the breakout box that enabled the EVSE mains breaker to be closed. The EVSE was functional and generated the pilot Pulse Width Modulated (PWM) signal and voltages. The EVSE also had accessible connection points for the mains and pilot line signals used for connection to the DUT node. The test plan did not include measurements to be performed while a battery was being charged. 
PLC Coupling Circuits
The PLC DUT platforms were coupled to the appropriate conductor in the cordset with a coupling circuit. The coupling circuit is dependent on whether the PLC is carried on the mains or pilot, and whether the PLC signals are in the low band (under 1 MHz) or high band (above 2 MHz). Figure 2 shows a typical coupling circuit interface for low band (G3) technology. The 1nF coupling capacitor shown in Figure 2 is illustrative of the coupling circuit, but each test used the components recommended by the PLC transceiver manufacturer. 
Control Pilot Measurement Points
Control pilot measurements were made at Point A and Point B as shown in Figure 3 and Figure 4 . 
Products Tested
Ariane Controls AC-CPM1
The AC-CPM1 evaluation board has four communications interfaces to enable vehicle and EVSE manufacturers to develop and test message transfers using CAN, RS-232, serial peripheral interface (SPI), or microcontroller interfaces. This product uses narrowband Frequency Shift Keying (FSK) communication for in-band signaling between PEV and EVSE. During testing, the vendor provided a firmware update to enable latency testing to be performed. 
Texas Instrument Concerto
This evaluation board integrates a TI dual-core Concerto processor with an AFE031 Integrated PLC Analog Front End chip to enable operation with either Orthogonal Frequency Division Multiplexing (OFDM) or FSK modulation. The Concerto system had SPI, RS-232, and CAN external communication interfaces. During control pilot impairment testing, the vendor supplied coupling circuit changes necessary to convert the TI Concerto prototype boards from the AC power line configuration to the control pilot configuration for throughput, latency testing, and control pilot impairment testing. 
MAXIM Tahoe 2
The MAXIM Tahoe 2 incorporated IPv6 capability to the evaluation board as well as USB and a CAN interface. Minor component changes were needed to convert this board from AC power line to control pilot. 
Bandwidth and Latency Test Procedures
Throughput Tests
This test verifies that the DUT meets the data rate (throughput) requirements for sample message packets. The products tested were technology demonstration (evaluation) circuit boards. These tests verify the selected communication technology will support communicating messages between the PEV and the HAN, End-Use-Measurement-Device (EUMD), ESI, or other utility server or service point. These requirements include:
 The throughput at the IP layer is 100 kbps or greater (RD.UtilComm.1) [7] .
 The application data rate is 6 kbps or greater (RD.DCComm.1) [7] .
Procedure
The equipment was configured with two instances of the communications system under test (DUT) connected through the EVSE to EV link and between two computers as described in Figure 8 . [7] .
The throughput test used is similar to a DUT test where there is no feedback to the sender indicating if the message was successfully received. The test plan specified that iPerf was to be used to test network throughput. The software development time necessary to use iPerf / jPerf for testing the Texas Instruments (TI) Concerto, MAXIM Tahoe 2+, and Ariane Controls boards exactly using the J2931/1 test procedure was not available. An alternative throughput performance method was devised. Since the throughput communications test is a one-way test from source to destination and the data transfer signals are readily observable and measureable using an oscilloscope, a data source faster than the testing specification and that sends a known number of bytes can be used. The throughput rate is calculated by dividing the number of bytes transmitted by the transmission time (see Figure 9) . In order to ensure that evaluation board-related delays were taken into account (i.e., buffering, block transfers, etc.), a transmission time of several seconds was used.
For the Ariane Controls AC-CPM1 and TI Concerto, the RS-232 serial interface operated at 115.2kbps was used to test throughput. The MAXIM Tahoe 2+ used a USB serial interface. Throughput testing requires that the DUT product initially be configured and then execute data transfers to measure throughput. The most straightforward method of collection was to use the TI Graphical User Interface (GUI) and the MAXIM PLC Connect GUI to configure and execute known length data transfers using the serial interface. (1) (4) kbps Fail Pass (1) Ariane Controls AC-CPM1 MAC/PHY throughput rate was determined by measuring the transfer time of a 1000 byte packet sent via serial port using hardware flow control.
(2) MAXIM Tahoe 2+ MAC/PHY throughput rate was determined by measuring the average transfer time of 50 to 1280-byte packets sent via serial port using the MAXIM G3 PLC Connect GUI (see Figure  11 ).
Start Stop
Control Pilot (3) TI Concerto MAC/PHY throughput rate was determined by measuring the average transfer time of 25 to 236-byte packets sent via serial port using the TI GUI (see Figure 10) . (4) The Ariane Controls oscilloscope traces showed that increasing the baud rate or implementing an SPI could reduce this bottleneck. 
Latency Tests
This test verifies that the DUT meets the round trip time (latency) requirements for sample message packets. These tests verify the selected communication technology will support communicating messages between the PEV and the HAN, EUMD, ESI, or other utility server or service point. These requirements include:
 The round trip message latency is 25ms max (RD.DCComm.2) [7] .
 The utility message latency is a maximum of 15 minutes (RD.UtilComm.2) [7] .
Procedure
The equipment was configured with two instances of the communications system under test (DUT) connected through the EVSE to EV link and between two computers as described in Figure 12 . Setup for Throughput and Latency tests [7] .
The software development time necessary to implement the iPv6 PING command functionality was not available. However, an alternative latency measurement method was devised. WireShark measurements of an iPv6 PING packet length was 94 bytes. Figure 13 shows the latency measurement of a 94-byte packet using an oscilloscope for the Ariane Controls AC-CPM1 board. The latency measurement for the TI Concerto and MAXIM Tahoe 2+ could only be estimated using twice the oneway transfer time shown on the Figure 10 and Figure 11 graphs for a 100-byte packet. These products require an external controller to perform the required two-way measurement. The IPv6 to RS232 controller was not readily available.
Test Limit
Test RD. Ariane Controls 47.3ms (2) Pass Fail
(1) There was not a straightforward way to directly measure latency in the available time using these evaluation boards, however using Figure 10 for the TI Concerto an estimated latency for a 100-byte packet would be less than 12 milliseconds and using Figure 11 for the MAXIM Tahoe 2+ an estimated latency for a 100-byte packet would be less than 20 milliseconds. Note: the transfer time value in the graph must be doubled for the round trip latency time measurement.
(2) The Ariane Controls oscilloscope traces showed that increasing the baud rate or implementing an SPI could reduce this bottleneck (see Figure 13 ). 
Control Pilot Impairment Test
Impairment Tests
This test measures how the DUT affects the control pilot signal both when the DUT was ON and when it was OFF. The pilot signal impairment test verifies that the selected PLC solution can interoperate with all EVSEs and EVs (RD.App.12) [7] and the communication solution must not interfere with operation of existing legacy devices compliant with the current (2010) release of J1772™ (RD.App.13) [7] .
Procedure
This test verifies that the connection of the PLC systems to the charge cable do not adversely affect the 1 kHz PWM signal on the pilot wire.
Performance Requirements
Rise time / Fall time of PWM signal
The SAE J1772™ and the IEC 61851-1 annex A specify the rise/fall times at 2µs maximum on the EVSE side, without any specification on the EV side. It is required to perform measurements without PLC and with PLC to quantify precisely the impact. The way to measure the rise time and the fall time is described in the SAE J1772™ or the IEC 61851-1.
Pulse width (Duty Cycle) of the PWM signal
Since the duty cycle codes the maximum current available, it is crucial that the PLC technology does not modify this value.
The SAE J1772™ and IEC 61851-1 annex A specify that the generator injects the PWM signal with a frequency of 1000 Hz and a pulse width tolerance of +/-25µs at the EVSE. No limits are specified on the EV side in this document.
It is required to perform measurements without PLC and with PLC communications to quantify precisely the impact.
During this test, it is also required to measure the spectrum of the signal in the frequency band used by the PLC technology.
The way to measure the duty cycle is described in the SAE J1772™ or the IEC 61851-1.
Amplitude of the PWM signal
The SAE J1772™ and IEC 61851-1 annex A specify values for the different states, with a tolerance of +/-1 V max for the whole system.
For the signal injection on the pilot line, the PLC boards inject around 1Volt peak-to-peak (VPP).
From there, the voltage should be decreased by steps of 20% to find the limit where the communication is lost. The way to find the limit can vary according to the software tool used to manage PLC boards.
At each stage, it is required to measure all the following parameters on the affected circuit: 
Procedure
Configure the equipment as shown in Figure 14 . Measurements of the rise/fall time, duty cycle and amplitude of the Pilot PWM waveform should be done with an oscilloscope. [7] .
Measure the Rise/Fall Time, duty cycle, and amplitude of the PWM pilot waveform and verify that the values meet the requirements. Repeat the tests with and without active PLC signals on the control pilot, according to the test matrix below. 
Conclusions
Narrowband PLC communications prototype products from TI Concerto and MAXIM (Tahoe 2) demonstrated that they could meet the throughput, latency, and control pilot impairment test requirements specified by the SAE J2931/1 Test Plan. Although no PLC communication technology met all requirements of the SAE J2931/1 Test Plan, the SAE J2931/1 committee chose the broadband HPGP technology which demonstrated the potential for higher data rate performance than the narrowband PLC technology.
The red circle shown in Figure 32 below shows the extent of the J2931/1 Lab testing within a complete single unit installation. The HPGP technology must be integrated into a system that includes communication with the OEM's CAN bus, DC charger messages, SEP2.0 messages, and communication with the HAN/Utility. PNNL plans to work with the SAE committee to continue the system level testing with the revisions to SAE J2847/1 planned for FY13. 
